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ABSTRACT 



A tr ansmitter diversity assembly and an associated method 
for a radio transmitter. When coupled to a radio transmitter 
to form a portion thereof, signal diversity is created to 
overcome multi-p ath fading. A plurality of antennas are 
freely selectable to be coupled to receive bursts of a com- 
munication signal, modulated to be transmitted on any of 
selected carriers. By altering the carriers upon which the 
bursts of the communication signal are transmitted and the 
sp atiallv-scpara ted antennas used ^to transduce the bursts of 
the communication signal, both transmissio n space diversity 
a nd frequency diversity is created . Polarization diversityls 
further provided by utilization of dual-pola rized antennas. 

14 Claims, 5 Drawing Sheets 
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METHOD AND APPARATUS FOR 
TRANSMITTING COMMUNICATION 
SIGNALS USING FREQUENCY AND 
POLARIZATION DIVERSITY 

CROSS-REFERENCE TO RELATED 
APPLICAnONS 

The present invention is a continuation-in-part of appli- 
cation Ser. No. 08/665^01 filed on Jun. 18, 1996, now U.S. 
Pat. No. 6,006,075. 

The present invention relates generally to apparatus and 
methods for overcoming multi-path fading of communica- 
tion signals transmitted upon a communication channel 
susceptible to multi-path fading. More particularly, the 
present invention relates to a transmitter diversity assembly, 
and an associated method for creating signal diversity, such 
as transmission space diversity, polarization diversity, or 
frequency diversity, for a transmitter which transmits the 
communication signals upon the communication channel. 
The signal diversity created through operation of the assem- 
bly mitigates the effects of fading of the communication 
signals transmitted upon the communication channel. 

The transmitter diversity assembly, and its associated 
method of creating signal diversity, is advantageously 
utilized, for example, at a base station of a cellular commu- 
nication system. The transmitter diversity assembly, and its 
associated method, is advantageously utilized to create sig- 
nal diversity both in a conventional cellular communication 
system which transmits analog communication signals and 
in a digital cellular communication system. When used at a 
base station of a digital cellular communication system, or 
at a transmitter of another digital communication system to 
create transmission space diversity, communication signal 
bursts are transmitted from different antennas of an antenna 
assembly, thereby to create the transmission space diversity. 
The transmitter diversity assembly, and its associated 
method, is also advantageously utilized to create frequency 
diversity in conjunction with a communication system 
which utilizes a frequency hopping scheme. And, the trans- 
mitter diversity assembly, and its associated method, is 
further advantageously utilized to create polarization diver- 
sity in conjunction with a communication system which 
utilizes a polarization hopping scheme. Use of the transmit- 
ter diversity assembly to create a combination of frequency, 
transmission space, and/or polarization diversity further 
mitigates the effects of fading of the communication signals 
transmitted upon the multi-path channel. 

BACKGROUND OF THE INVENTION 

A communication system is formed, at a minimum, of a 
transmitter and a receiver interconnected by a communica- 
tion channel. Communication signals generated by the trans- 
mitter are transmitted upon the commxmication channel to be 
received by the receiver. 

A radio communication system is a type of communica- 
tion system in which the communication channel is formed 
of a radio frequency channel. A radio communication system 
is advantageous for the reason that a fixed, or hardwired, 
connection is not required to form the communication 
channel extending between the transmitter and receiver. 
Communication can be effectuated between remotely- 
positioned transmitters and receivers without the need to 
form the hardwired or other fixed connections therebetween. 

A cellular communication system is a type of radio 
communication system. When the infirastructure, hereinafter 
referred to as the network, of the cellular communication 
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system is installed in a geographical area, a subscriber to the 
cellular system is generally able to communicate telephoni- 
cally in the system when positioned at any location within 
the geographical area encompassed by the cellular network. 

5 Technological advancements and economics of scale have 
contributed to lowered costs of communicating pursuant to 
a cellular communication system. Concomitant with the 
decreased costs of communicating pursuant to a cellular 
communication system has been an increase in usage of such 

jQ systems. In some instances, conventional cellular commu- 
nication systems have been operated at their maximum 
capacities. When operated at their maximum capacities, 
access is sometimes denied to additional users attempting to 
conununicate pursuant to such systems. Ongoing calls are 
sometimes also adversely affected. 

To avoid capacity problems and to permit an increase in 
the number of users permitted to utilize a cellular commu- 
nication system, attempts have been made to increase the 
communication capabilities of such systems. To increase 
communication capacities, some conventional, cellular com- 
munication systems using conventional, analog technologies 
have been converted to digital, cellular coaununications 
systems which utilize digital coding and modulation tech- 
nologies. Other radiotelephonic, and other conununication 

25 systems, have been similarly converted. 

Because digital communication systems generally utilize 
the radio frequency transmission channels upon which the 
communication signals are transmitted more efiSciently, 
increased numbers of communication signals can be trans- 

3Q mitted upon the radio frequency channels allocated for such 
communication systems. 

By digitizing an information signal, which is modulated 
to form a communication signal, signal redundancies can be 
removed out of the information signal without affecting the 

35 amount of information transmitted in a communication 
signal formed therefrom. Also, once an information signal is 
digitized, a communication signal formed therefrom can be 
transmitted in discrete, discontinuous bursts. Two or more 
communication signals can thereby be multiplexed together 

40 and transmitted sequentially upon a single frequency chan- 
nel. A twofold, or greater, increase in capacity is thereby 
possible when the communication system is converted into 
a digital communication system. 
The communication signal transmitted upon a radio fre- 

45 quency channel is susceptible to scattering, diffraction, 
reflection, and attenuation. Signal reflection of the transmit- 
ted signal causes the signal actually received by a receiver 
to be the summation of signal components transmitted by the 
transmitter by way of, and some instances, many different 

50 paths, in addition to a direct, line-of -sight path. 

The communication channel is sometimes referred to as a 
"multi-path channel," as the signal acttially received by the 
receiver is the summation of a plurality of signal compo- 
nents transmitted to the receiver on a plurality of different 

55 paths. Values of the signal components transmitted upon the 
muhiple numbers of paths are dependent, in part, upon their 
relative phases. Therefore, the value of the summation of the 
pluratity of signal components received by the receiver is 
dependent upon the position at which the receiver is located 

60 when the signal is received. The receiver might be posi- 
tioned such that signals transmitted on the plurality of signal 
paths add together destructively. Signal "fading" occurs 
when the signals add together destructively, and fading 
"dips" or "nulls" occur when the summation of the received 

65 signals results in cancellation when such destructive addi- 
tion makes difficult, or prevents, accurate determination of 
the informational content of the received signal. 
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Because fading delete riously effects the quality of frequency diversity is created by such frequency hopping. If 
communications, attempts are sometimes made to mitigate successive bursts of the communication signal are not trans- 
the effects of fading. The deleterious effects of fading are mitted on carriers within the same coherence bandwidth, 
particularly problematical in a cellular communication sys- conununication quality degradation occurring as a result of 
tem when a subscriber unit operable to communicate therein 5 mulli-path fading is of less of a problem. Appropriate 
is maintained in a stationary, or slowly moving, position. If selection of the carriers upon which to transmit successive 
positioned at an area in which a fading dip is significant, a bursts of the communication signal would therefore advan- 
significant amount of sequential information might be lost. tageously better overcome the deleterious effects of multi- 
More particulariy, various kinds of diversity are created at P^^^ fading, 
selected locations of the digital communication system to Transmission space diversity is sometimes also created, 
mitigate the effects of the multi-path fading. Hme diversity. To create transmission space diversity, two or more trans- 
frequency diversity, receiver space diversity, transmission mitting antennas are positioned at spaced- apart positions. In 
space diversity, and polarization diversity are all types of one manner of creating transmission space diversity, the 
diversity which can be created to mitigate the effects of same information is transmitted by each of the two or more 
multi-path fading. transmitting antennas, but the information is transmitted at 
When time diversity is created, signal bits of an informa- oSsci times. In another manner by which transmission space 
tional signal are spread out, or interleaved together with diversity is created, bursts of the communication signal arc 
other signal bits, over time, thereby to spread the bits over transmitted at only one antenna at a time, but shifting 
a lime period. When interleaved or otherwise spread out between the antennas occurs so that the bursts are transmit- 
over time, tbe likelihood that all of the bits are received at ted sequentially to different ones of the antennas. Such a 
a receiver at a fading null is reduced. To be effective, the bit manner of creating the transmission space diversity is 
spreading requires that the fading nulls of the multi-path referred to as antenna hopping. Existing circuitry for creat- 
channel not last for significant time periods. If the nulls last ing Uransmission space diversity, however, does not typically 
for lengthy time periods, spreading out of the bits of the P^vide for complete freedom of selection of antennas, 
informational signal does not create diversity of levels particulariy in instances m which statically-tuned transmitter 
effective to mitigate the effects of fading. elements are utilized to modulate the communication signal, 
. J- • t * J T- Polarization diversity is also sometimes created to minimize 
Receiver space diversity is also sometimes created. To , „ „ r j- t • a. 

• J- *, „ the effects of multi-path fading. Polarization hopping, i.e., 

create receiver space diversity, two or more receiver anten- . . . . r • • i • j-S: 

. . J , , . _^ transmittmg bursts oi a commumcation signal in diirerent 

nas are positioned at two or more spaced apart positions, or „ , . . ^ v u . r • • i 

^ j.rc ^ , rfu polarizations, permits the bursts of a communication signal 

at two or more different angles. The creation of receiver f , . j a- « ^-pp . i • 

. . u • 1 to be transmitted according to different polanzations. 

space diversity reqmres at least minimum physical separa- ^ ^ 

tion distances between the receiver antennas. Such mini- While the creation of receiver space diversity is unprac- 

mum separation distances cannot be provided at a subscriber tical in the mobile subscriber units of a cellular commum- 
unit operable in a ceUular communication system due to the „ cation system and similariy in some other commumcation 

small size of the subscriber unit. Also, the conventional need systems, and whUe the creation of tune diversity is some- 

for redundant receiver circuitry porrion for each of the two times unable to overcome the effects of multi-path fading, 

or more receiver antennas is size-prohibitive in a subscriber frequency, polarization, and transmission space diversity 

unit which must be of minimal dimensions. Therefore, can be created at a base site of a ceUular communication 

receiver space diversity sometimes cannot be utiUzed to system to overcome the effects of multi-path fadmg. Other 

create necessary levels of diversity to mitigate the effects of communication devices of other commumcation systems 

f^j^g which are susceptible to multi-path fading similarly can 

c J. % • 1 -^^c .*^A create frequency and transmission space diversity to over- 
Frequency diversity is also sometimes created to mim- *uji.- «:* i^A ^^*u 
£p . r 1^- .1. r J- u • come the deleterious effects of fading. Circuitry and meth- 
mizc the effects of multi-path fading. Frequency hopping, " , - . , • . • u v 
. . , / 6 M 7 "&» odology for a communication device which permits greater 
I.e., transmitting bursts of a communication signal on car- 45 rj *u a- T a 

' f A'fr * P ^--o ^ tu. freedom m the creation of transmission space diversity and 

ners of different frequencies, spreads the commumcation _ . uu-i.* 

, . r . T J- -4 1 11 1 „ frequency diversity would be advantageous, 

signal over various frequencies. In a digital cellular com- ^ j j » 

munication system, such as the Group Special Mobile It is in light of this background information related to the 

(GSM) communication system, an adequate level of fre- creation of signal diversity to overcome the effects of 
quency diversity is sometimes unable to be created as 50 multi-path fading that the significant improvements of the 

sometimes only a limited number, as few as, for instance, present invention have evolved, 

two, different carriers are available to transmit communica- SUMMARY OF THE INVENTION 
tion signals between a radio base station and subscriber unit. 

As multi-path fading is generally frequency-selective, the The present invention advantageously provides a trans- 
transmission of bursts of the communication signal on a 55 mitter diversity assembly, and an associated method, which, 

different frequency carriers provides a diversity effect. during operation to transmit a communication signal, creates 

However, the number of different frequency carriers upon signal diversity to mitigate the effects of transmission of the 

which the bursts of the communication signal can be trans- communication signal on a multi-path, fading channel. The 

mitted are sometimes limited. Such limitations limit the transmitter diversity assembly is utilized in conjunction with 

amount of frequency diversity which can be created. go of many different types of transmitters including trans- 

Also, when successive carriers upon which successive mittere operable to generate conventional, analog commu- 

bursts of a communication signal are transmitted are of nication signals and those which generate digitally-encoded 

similar fading characteristics, little frequency diversity is communication signals. 

created. The coherence bandwidth is a frequency range The transmitter diversity assembly and its associated 
which exhibits similar fading characteristics. When succes- 65 method is advantageously utilized, for example, at a base 

sive bursts of communication signals are transmitted upon station of a ceUular communication system to create signal 

carriers which are within the coherence bandwidth, Uttle diversity in downlink signals transmitted by the base station 
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to mobile subscriber imils. Bursts of the communication mission space diversity, is provided for a communication 

signals generated by transmitter circuitry of the base station station operable at least to transmit communication signals 

are transduced by alternate ones of a set of spatially- upon at least one communication channel. Antennas of a set 

separated antennas, thereby to create transmission space of antennas are seleaively coupled to the communication 
diversity. 5 station lo transduce the communication signals formed at the 

In one aspect of the present invention, the communication communication station. Switching circuitry is actuatable 

signals are transmitted upon successive carriers in which into selected switch positions for selectively coupling 

selection of which of the carriers upon which to transmit selected antennas of the set of antennas to the communica- 

successive portions of the communication signals is made sj^iion to transduce the communication signals formed 

responsive to transmission characteristics of the communi- communication station. A selector is coupled to the 

cation channels upon which the communication signals can ^^t^hing circuitry. The selector determines transmission 

iransmi e . ... characteristics of the at least one communication channel 

In another aspect of tbe present invention, the transmitter ^^^^^^ switching circuitry into the selected switch 

diversity assembly creates both frequency diversity and positions responsive to the transmission characteristics 
transmission space diversity. The commumcation signal jj determined thereat. 

generated at tbe base station is generated pursuant to a . , ' ■ . ^ - ■ 

frequency hopping scheme to create diversity, and transmis- ^ ^"^P^^^^ appreciation of the present invention 

sion spai diversity is aeated through operation of a diver- '^"^^ ^^'P^ thereof can be obtained from the accompa- 

sity antemia assembly. The frequency diversity created by °>;^°g dr^^^ng^ which are briefly summanzed below, the 

the frequency hopping of the commurdcation signal together ^^"r?-"^ ^^'''ff^ description of he presently-preferred 
frirther mitigates the effects of fading of the communication '° embodiments of the mvenUon, and the appended claims, 

signal transmitted upon a multi-path communication chan- ^^^^ DESCRIPTION OF THE DRAWINGS 
nel. 

In yet another aspect of the present invention, the trans- FIG. 1 illustrates a functional block diagram of a portion 
mitter diversity assembly forms a diversity antenna assem- 25 of a cellular communication system which includes an 

bly which creates transmission space diversity. The diversity embodiment of the present invention, 

antennaassemblyof an embodiment of the present invention piG. 2 illustrates a graphical representation which plots 

and its associated method for creating transmission space the fading pattern of an exemplary communication system 

diversity are particularly advantageously utilized when other which exhibits a high coherence bandwidth, 
manners by which to create diversity to mitigate the effects 30 pj^. 3 illustrates a graphical representation, similar to that 

of multi-path fadmg are unavaUable. For mstance, m a ^^^^^ 2, but of an exemplary communication 

cellular communication system, transmission space diver- ^y^^^^ exhibits a low coherence bandwidth, 

sity is sometimes the only type of diversity which can be „_ . ,„ n , i_i , j- c 

^ -r , A : ^ 4U / f ««m FIG. 4 lUustrates a funaional block diagram of a corn- 
created to mitigate adequately the effects of multi-path . . . . • i, • 1 ^ . 
- „ . . , \. *•„ * mumcation station which includes a transmitter diversity 
fadmg. Receiver transmission diversity can sometimes not ^ t_ j- * . • 
be adequately created at a subscriber unit due to the small ^^^"^^^^^ embodmient of the present mvenlion. 
dimensions of many laibscriber units. Time diversity also FIG- 5 illustrates a communication station which embod- 
sometimes can not be adequately created depending upon ies a transmitter diversity assembly of another embodiment 
the fading characteristics of the multi-path channel upon of the present invention. 

which the communication signal must be transmitted, and FIG. 6 illustrates a communication station which embod- 

sometimes frequency diversity cannot be adequately created ies yet another embodiment of the transmitter diversity 

due to the limited number of different carriers which might assembly of the present invention. 

be available at a particular time. FIG. 7 illustrates an exemplary communication scheme 

In still another aspect of the present invention, the trans- utilizing frequency hopping, 
mitter diversity assembly creates polarization diversity. The 45 pjc g illustrates a table which lists the antenna selections 

communication signal generated at the base station is gen- selected to transduce communication signals upon the frc- 

erated pursuant to a polarization hopping scheme. The quency channels of the communication scheme illustrated in 

polarization diversity-created by the polarization hopping of pjQ 7 

the communication signal also mitigates the effects of fading pj^ ' ^ iu^,t,,t,, , communication station which embod- 

of the comniunication signal. And, polanzaUon diversity can 50 ies a transmitter diversity assembly of another embodiment 

be created m conjunction with other types of diversity. ^^^^^^ invention. 

The diversity antenna assembly of an embodiment of the „^ -n . . • ^ . i_- u l j 

., , . . ui • FIG. 10 illustrates a communication station wnicti em txxl- 

mvention provides a multi-antenna assembly. Commumca- . . j- i_i r u j- . 

y . , 1 * ^ f4u^««»«« ^r. ies a transmitter diversity assembly of another embodiment 

lion signals are transduced by selected ones of the antennas . ^ ^ 

when connected to transmitter circuitry which generates the 55 ° ^ presen inven on. 

communication signals. Switching between selected anten- DETAILED DESCRIPTION 

nas of the antenna assembly is effectuated quickly and, in 

one embodiment, switching occurs at baseband frequencies. Referring first to FIG. 1, a communication station 10, here 
When used in conjunction with a frequency hopping a radio transceiver, is operable to transceive communication 
scheme, selection of the antennas at which the communica- 60 signals with a remote communication device (not shown), 
tion signal is transduced is selected, in part, responsive to the The communication station 10 includes a transmitter diver- 
frequency of the carrier upon which the communication sity assembly 12, formed of the elements positioned within 
signal is to be transmitted. Thereby, synergistic benefits of the block shown in dash, of an embodiment of the present 
both transmission space diversity and frequency diversity invention. The transmitter diversity assembly 12 is operable 
are provided 65 to create signal diversity of communication signals, herein - 
In these and other aspects, therefore, a transmitter diver- after sometimes referred to as "downlink" signals, to over- 
sity assembly, and an associated method of creating trans- come or otherwise mitigate the effects of multi-path fading 
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of a communication signal during its transmission to the paired together with selected antenna elements, the control- 
remote communication device, ler selects the switch position into which the RF switch 24 

In the illustrated embodiment, the transmitter diversity should be actuated. Indications of previously-used carriers 

assembly 12 is operable to create both frequency diversity are stored in a memory element 46, coupled to the controller 
and transmission space diversity. As mentioned previously, ^ ^2 by way of lines 48, In one embodiment, the carrieis are 

frequency diversity is created by transmitting the commu- selected according to a selected frequency hopping scheme, 

nication signals upon carriers of different frequencies at The antenna elements from which the communication signal 

different times, i.e., frequency hopping the communication is transmitted are selected for each carrier selected pursuant 

signal. Transmission space diversity is created by transmit- ^ the frequency hopping scheme. Selection of the antenna 
ting the downlink signal, at different times, from different, lO elements is made responsive to the coherence bandwidth and 

spatially-separated antennas, carrier and antenna element pairings made previously to 

Tlie communication station 10 includes a signal source preceding portions of the communication signal. 

14, here shown in block form. In an embodiment in which Because the RF switch 24 permits any of the transmitter 

the communication station 10 forms a base station of a elements 18 to be cotipled to any of the spatially-separated 

cellular, communication system, the signal source 14 is antennas 26, connection of any of the transmitter elements 

representative of communication signals transmitted to the 18 with any of the antennas 26 is freely selectable. Bursts of 

base station by way of, for example, a public service the downlink communication signal modulated by any of the 

telephone network (PSW). The signal source 14 forms the transmitter elements 18 can be transmitted from any of the 

communication signal which is applied by way of a plurality antennas 26. The controller 32 is further used to select the 

of lines 16 to a plurality of single-frequency transmitter carriers upon which to transmit the bursts of downlink 

elements 18. signals. Such selections are responsive to the transmission 

The transmitter elements 18 each modulate the commu- characteristics of the channels foimed between the commu. 
nication signal appHed thereto. Each of the transmitter mcation station 10 and the remote communication devices 
elements 18 is tuned to a different frequency, i.e., are thereby to minimize the possibility that successive btirsts of 
statically tuned, such that modulated signals modulated by ^he downlmk commumcaUon signal are transmitted upon 
the various transmitter elements are modulated to be of ^^^^^ exhibit high levels of multi-path fading, 
different frequencies. The modulated signals generated by Id one embodiment, the RF switch 24 permits a plurality 
the transmitter elements are applied, by way of lines 22, to of different transmitter elements 18 concurrently to be 
first sides of a radio frequency (RF) switch 24. Second sides coupled to a plurality of different antennas 26. 
of the RF switch 24 are coupled to antennas 26. The antenna FIG. 2 illustrates graphically the characteristics of a 
elements 26 are spatially-separated from one another. While communication system in which a high coherence band- 
three antenna elements 26 are illustrated in the figure, a set width is exhibited and in which a low coherence space is 
of antenna elements 26 formed of another number of exhibited. The abscissa axis 56 indicates positional 
antenna elements can instead be utilized. locations, and the ordinate axis 58 indicates frequency. 

The RF switch 24 permits connection of any of the lines Elongated elliptical forms 60 are representative of areas 

22 with any of the antenna elements 26, thereby to permit the which exhibit high levels of multi-path fading. Point 62 is 

communication signal modulated to be of any of the fre- representative of the fading characteristic at a particular 

quencies generated by any of the transmitter elements 18 frequency and at a particular location. Point 62 is positioned 
together with any of the antenna elements 26. Connection of 43 within an elliptical form 60. Therefore, communications 

any of the transmitter elements with any of the antennas is between the two communication stations at the frequency 

freelyselectable, i.e., a free mapping is permitted. Selection and location identified by the point 62 exhibit significant 

of the switch position of the RF switch 24 is controlled by levels of multi-path fading. 

a controller 32 which is connected to the RF switch 24 by If the communication signals transmitted between such 
way of lines 34. In one embodiment of the present invention, 45 communication stations arc transmitted on a different carrier 
the switch positions of the RF switch 24 are switched located lower in frequency, indicated by the arrow 64, 
through a selected sequence to connect successive ones of significant multi-path fading would still degrade the quality 
the transmitter elements 18 with successive ones of the of the communication transmission. That is to say, by 
antenn a elements 2 6. The RF switch 24 may, for example, be repositioning the point 62 in a direction indicated by the 
formed of a switch matrix, 53 arrow 64, the communications will still exhibit high levels 
In the embodiment illustrated in the figure, the controller of fading, if the point is repositioned within the elliptical 
32 is further coupled to receiver circuitry 38 by way of lines form. In the illustrated communication system which exhib- 
42. The receiver circuitry 38 receives "uplink" signals its a high coherence bandwidth, significant levels of multi- 
transmitted to the communication station 10 from the remote path fading arc exhibited over a large range of frequencies, 
communication devices. In a cellular communication 55 resulting in the elongated ellipsis 60. Altering the position, 
system, the remote communication devices are formed of as indicated by the arrow 66, however, removes the com- 
mobile subscriber units. Two receiver-diversity antennas 44 munications out of the area of high multi-path fading. In the 
are illustrated in the figure to detect the uplink signals illustrated communication system which exhibits a low 
transmitted to the communication station. Indications of an coherence space, by repositioning the point 62 in a direction 
uplink signal detected by an antenna 44 are provided to the 60 indicated by the arrow 66, the communication is reposi- 
controller 32 by way of the receiver circuitry 38 and the Hnes tinned beyond the elliptical form. 

42. FIG. 3, conversely, graphically represents a communica- 

The controller 32, as shall be described in greater detail tion system which exhibits a low coherence bandwidth and 

below, determines a coherence bandwidth of the oommuni- which exhibits a coherence space similar to that shown in 
cation channels formed between the communication station 65 FIG. 2. The abscissa and ordinate axes 56 and 58 correspond 

10 and the remote communication devices. Responsive to to their correspondingly-numbered counterparts shown in 

the coherence bandwidth and previously-used carriers FIG. 2. Here, areas of high levels of multi-path fading are 
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rqsresented by elliptical forms 70. In contrast to the elliptical 
forms 60 pictured in FIG. 2, the elliptical forms 70 are not 
elongated. 

Communications represented by point 62 arc again trans- 
mitted in an area which exhibits high levels of multi-path 
fading. In contrast to the high coherence bandwidth repre- 
sented in FIG. 2, here alteration of the frequency channel in 
the direction indicated by the arrow 74 removes the com- 
munications out of the areas which exhibit high multi-path 
fading with a lesser amount of frequency change than that 
required in the communication system represented in FIG, 2. 
Again, altering the position, as indicated by the arrow 76, 
also removes the communications out of the area of high 
multi-path fading. 

Transmission space diversity is created by moving the 
positional locations of the points 62 in the directions indi- 
cated by the arrows 66 and 76 shown in FIGS. 2 and 3, 
respectively. Analogously, frequency diversity is created by 
moving the frequencies of the points 62, in the directions, 
indicated by the arrows 64 and 74 shown in FIGS, 2 and 3, 
respectively. 

In communication systems which exhibit a high coher- 
ence bandwidth, the creatioa of frequency diversity alone 
sometimes does not remove the communication out of an 
area which exhibits high levels of multi-path fading. In such 
instances, creation of both frequency and transmission space 
diversity is more likely to position the communications out 
of an area of high multi-path fading. In an embodiment of 
the present invention, therefore, the transmitter diversity 
assembly 12 creates both frequency and transmission space 
diversity, thereby best to overcome the effects of multi-path 
fading. 

FIG. 4 illustrates a communication station, again shown 
generally at 10, which includes a transmitter diversity 
assembly 12 of another embodiment of the present inven- 
tion. The communication station 10 again, for example, 
forms a base station of a cellular communication system. 
The transmitter diversity assembly 12 is again operable to 
create signal diversity of signals transmitted by the commu- 
nication station. 

In this embodiment, signals generated by a signal source 
14 are selectively coupled by way of lines 16 to selected 
ones of the transmitter elements 18. A baseband switch 84 is 
positioned between the signal source 14 and the transmitter 
elements 18 to selectively connect the transmitter elements 
with the signal source. The transmitter elements 18 are again 
operable to modulate the communication signals applied 
thereto and to generate modulated signals on corresponding 
ones of the lines 22. The transmitter elements 18 are again 
operable to modulate the signals applied thereto at static 
frequencies. Because the baseband switch 84 selectively 
couples the communication signal generated by the signal 
source 14 only to selected ones of the transmitter elements 
18, modulated signals are generated on only corresponding 
selected ones of the lines 22. The lines 22 are again coupled 
to first sides of an RF switch 24. The RF switch 24 may 
again form a switch matrix. Second sides of the RF switch 
24 are coupled to antenna elements 26 of an antenna array 
wherein the antenna elements are spatially-separated from 
one another. Again, in one embodiment, a plurality of 
transmitter elements 18 can be concurrently coupled to a 
plurality of different antennas 26, 

A controller 32 is again coupled to the RF switch 24 by 
way of lines 34. In this embodiment, the controller 32 is 
further coupled to the baseband switch 84 by way of Unes 
86. In this embodiment, the controller 32 is operable both to 
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actuate the RF switch 24 into switch positions and also to 
actuate the baseband switch 84 into selected switch posi- 
tions. Selection of the switch position of the baseband switch 
84 is determinative of the carrier upon which a downlink 

5 channel is formed to transmit the signal generated by the 
conununication station 10, and the switch position of the RF 
switch 24 is determinative of the antenna element 26 from 
which the downlink signal is transmitted. 

Thereby, sequencing through switch positions of the base- 
band switch 84 creates frequency diversity and sequencing 
through switch positions of the RF switch 24 creates trans- 
mission space diversity. 

In one embodiment, the switches 24 and 84 are actuated 
through selected sequences, such as repetitive sequences, to 

J 5 create both transmission space diversity and frequency 
diversity. In the illustrated embodiment, the selection of 
antenna elements upon which to transmit bursts of commu- 
nication signals is made responsive, at least in part, to the 
coherence bandwidth of the communication channels 

20 extending between the communication station 10 and a 
remote communication device and antenna elements previ- 
ously used to transmit preceding bursts upon particular 
carriers. 

Again, the communication station 10 includes receiver 

25 circuitry 38 which is coupled by way of lines 42 with the 
controller 32. A receiver antenna element 44 detects uplink 
signals transmitted to the communication station 10. Indi- 
cations of such received signals arc provided to receiver 
circuitry 38 and, in turn, to the controller 32. The controller 

30 determines the coherence bandwidth, actuates the baseband 
switch 84 into a selected switch position responsive to a 
selected frequency hopping scheme. Previous switch posi- 
tions of the baseband switch 84 stored in a memory element 
46, coupled to the controller 32 by way of lines 48. The 

35 memory element 46 is further operable to store switch 
positions of the RF switch 24, and actuation of the switch 24 
into selected switch positions is made, at least in part, 
responsive to previous switch positions of the switch and the 
determined coherence bandwidth, 

40 FIG. 5 illustrates a communication station, again shown 
generally at 10 which includes the transmitter diversity 
assembly 12 of another embodiment of the present inven- 
tion. The communication station 10, in one embodiment, 
again forms a base station of a cellular communication 

45 network operable to transceive communication signals with 
remotely-positioned mobile subscriber units. In other 
embodiments, the communication station 10 transceives 
communication signals with other remotely-positioned com- 
munication devices. The transmitter diversity assembly 12 is 

50 again operable to create signal diversity of downlink signals 
transmitted by the communication station. 

Again, communication signals generated by a signal 
source 14 are applied to a transmitter element, here trans- 
mitter element 88. The transmitter element 88 is a tunable 

55 transmitter capable of modulating the communication signal 
at a desired frequency for transmission upon a particular 
carrier. Instead of a plurality of different transmitter ele- 
ments 18, each operable to modulate a communication 
signal at a static frequency, the tunable transmitter element 

60 is tuned to the desired frequency of the carrier upon which 
the downlink signal generated by the communication station 
10 is to, be transmitted. The tunable transmitter element 88 
generates a modulated signal on line 22 which is coupled to 
a first side of an RF switch 24. Second sides of the RF switch 

65 24 are coupled to antenna elements 26 of an antenna anay. 
The antenna elements 26 are spatially-separated from one 
another. 
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A controller 32 is again coupled to the RF switch 24 by baseband switch is determinative of the antenna element 26 

way of lines 34 to actuate the RF switch 24 into selected from which the communication signal transmitted by the 

switch positions. The controller 32 is further coupled to the communication station 10 is transmitted, 

tunable transmitter 88 by way of lines 92 to control the The controller 32 further selects the modulating frequency 

modulating frequency at which the tunable transmitter 88 5 at which the tunable transmitter elements coupled to receive 

modulates the communication signals applied thereto on line the communication signal modulates the communication 

16. As the controller 32 controls both the switch position of signal to be transmitted upon a selected carrier. Thereby, by 

the RF switch 24 and the frequency at which the commu- appropriate selection of the switch position into which the 

nication signal is modulated, both transmission space diver- baseband switch 84 is actuated and the modulating fre- 

sity and frequency diversity is created for downlink signals quency at which an appropriate tunable transmitter element 

transmitted by the communication station 10. 94 modulates the oommtmication signal, the carrier upon 

In one embodiment, the controller actuates the RF switch which the communication signal is transmitted and the 

24 through a selected sequence of switch positions and tunes antenna element 26 from which the communication signal is 

the tunable transmitter 88 through a selected sequence of transmitted is appropriately selected. Transmission space 

modulating frequencies. In the illustrated embodiment, diversity is created by actuating the baseband switch into 

again, the communication station 10 further includes successive switch positions, and frequency diversity is cre- 

receiver circuitry, coupled to the controller 32 by way of ated by altering the modulating frequency at which the 

lines 42. The uplink signals are transmitted by a remote communication signal applied to appropriate ones of the 

communication device to the communication station. Indi- tunable transmitters 94 are modulated, 

cations of uplink signals detected by a receiver antenna 44 20 Again, in one embodiment, the baseband switch is actu- 

coupled to the receiver circuitry 38 are provided to the ated through a selected pattern of switch positions and the 

controller 32 by way of lines 42. The controller, responsive tunable transmitter elements 94 are tuned to modulate the 

to such indications, determines the coherence bandwidth. communication signal upon a selected sequence of carriers. 

Responsive thereto and also responsive to previous switch In the illustrated embodiment, again, receiver circuitry is 

positions of the switch 24 and previous carrier frequencies 25 coupled to the controller 32 by way of lines 42 to receive 

to which the tunable transmitter 88 is tuned, the controller 32 indications of the uphnk signals transmitted to the commu- 

selects switch positions into which the RF switch 24 is to be nication station by a remote communication device and 

actuated and modulating frequencies at which the commu- detected by a receiver antenna 44. The controller determines 

nication signal is to be modulated. Again, a memory device the coherence bandwidth and selected ones of the tunable 

46 is utilized to store data related to previous switch posi- transmitter elements arc caused to be tuned to the frequen- 

tions of the switch 24 and modulating frequencies of the cies of selected carriers according to a frequency hopping 

tunable transmitter 88, respectively. scheme. The coherence bandwidth together with previous 

FIG. 6 illustrates another communication station, again pairings of switch positions of the baseband switch and 

shown generally at 10, which includes a transmitter diversity previous carriers upon which the communication signal has 

assembly 12 of another embodiment of the present inven- 35 been transmitted are together detenninative of selection of 

tion. In one embodiment, the communication station again the switch position of the baseband switch 84 and also, 

forms a base station of a celltdar communication system therefore, the carrier frequency channel upon which the 

operable to transmit downlink signals to remotely- communication signal is transmitted. The memory device 46 

positioned, mobile subscriber units (not shown). In other coupled to the controller by way of lines 48 stores informa- 

embodiments, downlink signals are transmitted to other 40 tion related to such previous switch positions and 

remotely positioned communication devices. previously-used carriers. 

The transmitter diversity assembly 12 is again operable to FIGS. 7 and 8 illustrate exemplary operation of the 

create signal diversity of downlink signals transmitted by the transmitter diversity assembly 12 of an embodiment of the 

communication station to overcome the effects of multi-path present invention in which the assembly 12 is operable to 

fading. Communication signals generated by a signal source 45 create both transmission space diversity and frequency 

14 are applied to a first side of a baseband switch 84, The diversity. Creation of such signal diversity improves com- 

baseband switch 84 is operable, when positioned in selected munication quality of communication in a communication 

switch positions to couple the communication signal gener- system susceptible to multi-path fading, 

ated at the signal source 14 to selected ones of the lines 16. The exemplary illustration of operation of the transmitter 

Line 16 extends to respective ones of tunable transmitter 50 diversity assembly is that of a GSM, cellular communication 

elements 94. Each of the tunable transmitter elements 94 is system in which bursts of communication signals, here 

tunable to modulate a communication signal, when applied downlink signals, can be transmitted in bursts during 

thereto, at a desired modulating frequency corresponding to selected time slots defined upon selected ones of a plurality 

the carrier upon which the communication signal is desired of carriers. The carriers are of differing frequencies through 

to be transmitted. The communication signal, once modu- 55 a range of frequencies represented by the arrow labeled f. 

lated by a selected tunable transmitter 94, is generated on a While a pluraUty of carriers are defined in the communica- 

corresponding line 22 extending to a particular antenna tion system, in the exemplary illustration, four carriers, here 

element 26 of an array of antenna elements. The antenna carriers of frequencies 1, 3, 4, and 7 are available for the 

elements 26 are spatially-separated from one another. transmission of downlink signals thereupon. In the 

A controller 32 is coupled to the baseband switch 84 by 60 illustration, also, three antennas 26 are available to be used 

way of lines 86 and to each of the tunable transmitter to transduce the communication signals therefrom. And, the 

elements 94 by way of lines 96. The controller selects the coherence bandwidth determined during operation of the 

switch position into which the baseband switch is to be diversity transmitter assembly is of a bandwidth of 3B 

actuated, and effectuates actuation of the baseband switch wherein B is of a bandwidth corresponding to the bandwidth 

into the selected switch position. Because each tunable 65 of one carrier. With a coherence bandwidth of 3B, any three 

transmitter element 94 is coupled to a particular one of the adjacently -positioned, in frequency, carriers exhibit similar 

antenna elements 26, selection of the switch position of the multi-path fading characteristics. 
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Through operation of an embodiment of the present 
invention, a selected frequency hopping scheme is used to 
select the carrier upon which a burst is traosmitied. The 
antenna element selected to receive, and transduce, the burst 
is selected responsive to previous selections of antenna 5 
elements used previously to transmit bursts on carriers 
within the coherence bandwidth about the selected carrier. 

FIG. 8 illustrates the pairing together of antennas, here 
antennas 1, 2, and 3 together with the available carriers, 
namely, carriers 1, 3, 4, and 7, shown in FIG. 7. That is to lo 
say, a communication signal burst is selected to be trans- 
mitted at a particular frequency and from a particular 
antenna. When "paired together" a burst of a communication 
signal is modulated to be of a frequency to permit its 
transmission on a selected carrier and the modulated signal 15 
is applied to its correspondingly paired antenna. 

As the exemplary illustration of operation shown in FIG, 
8 indicates, during a first time period, such as a first time slot 
of a first frame of a TDMA signal, such as that defined in the 
aforementioned GSM cellidar communication scheme, a 
burst of the communication signal is modulated for trans- 
mission upon frequency channel 1 from antenna 1. 

Selection of subsequent frequency channels and subse- 
quent antennas to be used during succeeding time periods to 
transmit bursts of the communication signal are selected by: 
1) observing which antennas have been used previously to 
transmit bursts on carriers within the coherence bandwidth 
about the selected carrier, and 2) selecting the antenna 
element for which the time since its latest use is the longest. 
If the utilization of a particular antenna is not mandated, the 
antennas are cyclically changed to create transmission space 
diversity. 

Therefore, continuing with the exendplary operation illus- 
trated in FIG. 8, during the second time period, time period 
2, as no antennas have been previously used to transmit 
bursts of the communication signal within the coherence 
bandwidth around carrier 4, antenna 2 is selected to transmit 
the bursts during time period 2. During the third time period, 
time period 3, antenna 2 had previously been used to 
transmit a burst on canier 4, within the 3B coherence 
bandwidth about carrier 3. Antenna 3 is selected to transmit 
the burst. 

During the fourth time period, time period 4, the burst is 
to be transmitted upon carrier 1. As a burst was transmitted 45 
previously on antenna 1, during time slot 1, antenna 2 is 
selected. Selection of antennas and frequency channels used 
to transmit successive bursts of the communication signal 
are analogously selected. 

FIG. 9 illustrates a communication station, again shown 50 
generally at 10, which includes the transmitter diversity 
assembly 12 of another embodiment of the present inven- 
tion. The communication station 10, in one embodiment, 
again forms a base station of a cellular communication 
network operable to transceive communication signals with 55 
remotely-positioned mobile subscriber units. In other 
embodiments, the communication station 10 transceives 
communication signals with other remotely-positioned com- 
munication stations. The transmitter diversity assembly 12 is 
again operable to create signal diversity of downlink signals 60 
transmitted by the communication station. 

Again, communication signals generated by an informa- 
tion signal source 14 are applied to a transmitter element, 
here transmitter element 102. The transmitter element 102 is 
a tunable transmitter capable of modulating the oommuni- 65 
cation signal at a desired frequency for transmission upon a 
particular carrier. The tunable transmitter element 102 gen- 
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erates a modulated signal on line 22 which is coupled to a 
polarization selector 104. And, the polarization selector 104 
is coupled to a dual-polarized antenna device 106. 

While the exemplary embodiment shown in FIG. 9 illus- 
trates a tunable transmitter element 102, in other 
embodiments, a plurality of transmitter elements, such as the 
transmitter elements shown in FIG. 1 are instead utilized. 

The dual-polarized antenna device 106 is capable of 
generating, at least alternately, two separate polarizations, 
viz., a first polarization and a second polarization. The 
dual-polarized antenna device may be formed, e.g., of two 
dipole antennas or a micro-strip antenna capable of produc- 
ing two polarizations. 

A controller 32 is coupled to the polarization selector 104 
by way of lines 108 to effectuate selection at the polarization 
selector 104 of a polarization to be exhibited by the antenna 
device 106. The controller 32 is further coupled by way of 
lines 92 to control the modulating frequency at which the 
tunable transmitter 102 modulates the communication sig- 
nals applied thereto on line 16. As the controller 32 controls 
both the polarization selected by the selector 104 and the 
frequency at which the communication signal is modulated, 
both polarization diversity and frequency diversity are cre- 
ated for downUnk signals transmitted by the communication 
station 10. 

In one embodiment, the controller 32 effectuates selection 
of the polarization through alternating, or successive, ones 
of the polarizations and tunes the mnable transmitter 102 
through a selected sequence of modulating frequencies. 
Thereby, a selected sequence of frequency and polarization 
pattern combinations can be formed. 

In the illustrated embodiment, again, the communication 
station 10 further includes receiver circuitry 38, coupled to 
the controller 32 by way of lines 42. The receiver circuitry 
38 is operable to receive uphnk signals, at the antennas 44, 
transmitted by a remote communication device to the com- 
munication station. Additional operation of the controller 32, 
in one embodiment, is similar to that disclosed with respect 
to embodiments shown in the preceding figures. That is to 
say, the controller 32 detects characteristics of the signals 
received by the receiver circuitry 38. In one embodiment, 
characteristics of the uplink channel are determined respon- 
sive to the characteristics of the received signals. And, the 
channel conditions of the uplink and downlink channels are 
assumed to be similar with one another. In another 
embodiment, the received signals include indications of 
characteristics of the downlink signals, previously 
transmitted, thereby to permit the controller 32 to determine 
the characteristics of the downlink channel. Responsive to 
such determinations, selection of the polarization is made. 

FIG. 10 illustrates a communication station, again shown 
generally at 10, which includes the transmitter diversity 
assembly 12 of another embodiment of the present inven- 
tion. Portions of the communication station 10 are similar in 
construction to corresponding structure shown in FIG. 9. 
Operation of such structure shall not again be described. 

The transmitter diversity assembly 12 shown in FIG. 10 
differs with that shown in FIG. 9 in that, instead of the 
polarization selector 104, the assembly 12 includes a polar- 
ization selector and RF switch 124. And, the selector and 
switch 124 is selectively coupled to a plurality of dual- 
polarized antennas 106. In the illustrated embodiment, two 
spatially-separated, dual-polarized antennas 106 are coupled 
to the selector and switch 124, Four independent fading 
patterns are selectively formed as each antenna exhibits, 
alternately, two polarizations. A single one of the antenna 
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devices 106, or both of the antenna devices 106, are coupled plurality of frequencies and for causing the polarization 

to receive the modulated signal generated by the tunable selector to select one of the polarizations forming the 

transmitter on the lines 22. sequence of the at least an alternating polarization; 

The antenna devices 106 may again be formed, e.g., of wherein the communication signal transduced by said at 

two dipole antennas or a micro-strip antenna capable of 5 y^^^ dual-polarized antenna has both frequency 

forming two polarizations. ^^^^^^^ polarization diversity. 

Frequency diversity is again created by frequency hop- 3. The transmitter diversity assembly of claim 1 wherein 

pmg permitted through appropriate operation of the tunable ^^^^ i^^^ dual-polarized antenna comprises a first 

transmitter 102. And, polarization diversity is created ^jpQig antenna and a second dipole antenna, the first dipole 
through alteration of the polarizations formed by the antenna 10 antenna for forming a first polarization and the second 

devices 106. Transmission space diversity is additionally (jipgig antenna for forming a second polarization, 

created through appropriate switching of the selector and 3 transmitter diversity antenna assembly of claim 1 

switch 124 to cause the different antenna devices 106 to wherein said at least one dual-polarized antenna comprises 

exhibit the various possible polarizations. Thereby, the a micro-strip antenna capable of forming a first polarization 

embodiment illustrated in FIG. 10 provides all three types of 15 ^ second polarization. 

signal diversity, selectable as desired. 4 transmitter diversity antenna of claim 1 wherein 

With reference again to the communication station 10 said at least one dual-polarized antenna comprises a single, 

shown in any of the FIGS. 1 and 4-6, in another dual-polarized antenna capable of forming at least alter- 

embodiment, the controller 32 of the transmission diversity nately a first polarization and a second polarization, 

assembly 12 is operable at least either to alter the frequency 20 5 transmitter diversity antenna of claim 1 wherein 

channel upon which a downUnk signal is transmitted to a said at least one dual-polarized antenna comprises a first 

remote station or the antenna from which the downlink dual-polarized antenna and a second dual-polarized antenna, 

signal is transmitted. In one such embodiment, the controller said first and second dual -polarized antennas, respectively, 

effectuates the alterations in an adaptive manner responsive together capable of forming a first polarization, a second 
to indications of channel characteristics applied as inputs to 25 polarization, a third polarization, and a fourth polarization, 

the controller. Such indications can be formed, e.g., char- jhe transmitter diversity assembly of claim 5 wherein 

acteristics of an uplink signal transmitted to the receiver 38 said polarization selector further comprises a switch, said 

by a remote communication device or the remote commu- switch for at least alternately coupling said first dual- 

nication device can provide information, as part of the polarized antenna and said second dual-polarized antenna to 
uplink signal, of the characteristics of the communication 30 receive the communication signal. 

signal transmitted directly on the downlink channels. In 7. The transmitter diversity assembly of claim 1 wherein 

another embodiment, the controller causes such selection to the communication signal is transmitted upon a plurality of 

be made in a prearranged manner. communication channels, wherein the tunable transmitter 

Because the transmitter diversity assembly, and its asso- generates a communication signal at a carrier frequency 
ciated method, creates signal diversity, use of the various ^5 corresponding to a selected communication channel of the 

embodiments of the present invention facilitate the commu- pluraUty of communication channels and wherein said at 

nication of communication signals in a multi-path environ- least one dual-polarized antenna transduces the communi- 

ment. Signal degradation which might otherwise occur as a cation signal to be transmitted upon the selected communi- 

result of multi-path fading is reduced, thereby to improve the cation channel corresponding to the carrier frequency at 

quality of communications. which the transmitter generates the communication signal. 

The previous descriptions are of preferred examples for 8. The transmitter diversity assembly of claim 1 wherein 

implementing the invention, and the scope of the invention the selected polarizations selected by said polarization selec- 

should not necessarily be limited by this description. The tor are selected responsive to a fading characteristic exhib- 

scope of the present invention is defined by the following ited upon at least one communication channel that corre- 

claims. sponds to a frequency and polarization combination of a 

What is claimed is: selected sequence of frequency and polarization pattern 

1. A transmitter diversity assembly for a communication combinations, 

station having a tunable transmitter operable to generate a 9. A method for transmitting a communication signal 

communication signal of a plurality of frequencies, said generated by a transmitter of a communication station upon 

transmitter diversity assembly comprising: at least one communication channel to a remote station, said 

at least one dual-polarized antenna selectively connect- method comprising the steps of: 

able to receive the communication signal generated at selectively connecting at least on dual-polarized antenna 

the communication station, said at least one dual- to receive the communication signal; 
polarized antenna for transducing the communication 55 selecting a polarization to be exhibited by the at least one 

signal when applied thereto according to a selected dual-polarized antenna; 

polarization; transducing the communication signal at the at least one 

a polarization selector coupled to the communication dual-polarized antenna connected during said step of 

station, said polarization selector for selecting the selectively connecting, thereby to transmit the commu- 

polarization of said at least one dual-polarized antenna, nication signal to the remote station; and 

the polarizations selected by said polarization selector selecting a carrier frequency to be exhibited by the 

selected to form a sequence of at least an alternating communication signal during said step of transducing; 

polarization; and whereby the communication signal transduced has both 

a transmitter controller coupled to the communication 55 frequency diversity and polarization diversity, 

station, said transmitter controller for causing the tun- 10. The method of claim 9 further comprising the step of 

able transmitter to operate at a selected one of the providing the communication station with indications of a 
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transmission characteristic of the at least one communica- 
tion channel; and 

wherein the at least one communication channel of which 
the indications of the transmission characteristic are 
provided diiring said step of providing comprises a 
downlink channel upon which commimication signals 
arc transmitted by the communication station to the 
remote station. 
U. The method of claim 9 wherein the at least one 
dual-polarized antenna selectively connected during said 
step of selectively connecting comprises a first dipole 
antenna and a second dipole antenna. 

12. The method of claim 9 wherein the at least one 
dual-polarized antenna selectively connected during said 
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step of selectively connecting comprises a transmission line 
capable of exhibiting a first polarization and a second 
polarization. 

13. The method of claim 9 wherein the polarization 
selected during said step of selecting is alternately a first 
polarization and a second polarization. 

14. The method of claim 9 wherein the at least one 
dual-polarized antenna selectively connected during said 
step of selectively connecting comprises a first dual- 
polarized antenna and a second dual-polarized antenna 
spaced-apart therefrom, and wherein the polarization 
selected during said step of selecting is selectively a first 
polarization, a second polarization, a third polarization, and 
a fourth polarization. 
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